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Host—guest composites with photonic antenna properties
are described. The material consists of cylindrical zeolite
L crystals the channels of which are filled with chains of
joined but electronically non-interacting dye molecules.
Light shining on a crystal is first absorbed and the
energy is then transported by the dye molecules inside
the tubes to the desired part. Data on crystals in the size
range of 30 nm up to 3000 nm are reported. The syn-
thesis principle we are using is based on the fact that
molecules can diffuse into individual channels. This
means that given the appropriate conditions, they can
also leave the zeolite by the same way. In some cases,
however, it is desirable to block their way out, for sta-
bility reasons. This is done by adding a closure molecule.
The general approach to connect the antenna function to
its surroundings is to add ‘‘stopcock’ molecules which
generally consist of a head, a spacer and a label. They
can either trap excitation energy on the external surface
or inject excitation energy into the dye-loaded crystal.
The stopcock molecules act as bridges between the dye
molecules inside the channels and the outside world.
Functionalisation of the closure and the stopcock mole-
cules is an option for tuning e.g. wettability, refractive
index, and chemical reactivity. The wide-ranging tunability
of the dye-zeolite L composites makes them useful for
many applications. We discuss demonstration experiments
which show the process of energy transfer and energy
migration as educational tools, applications as high quality
and non-toxic pigments, use as strongly luminescent
pigments applicable as colour-changing media for LEDs,
options for realising nanoscaled laser materials, and finally
the challenge for realising solid state solar cells based
on sensitisation of a thin semiconductor layer by energy
transfer, the reversal of which can also lead to a new
generation of LEDs.

1. Introduction

A photonic antenna is an organised multi-component arrange-
ment in which several chromophores absorb the incident light
and channel the excitation energy to a common acceptor
component. Imaginative attempts to build an artificial antenna
different from ours have been presented in the literature.
Multinuclear luminescent metal complexes, multichromophore
cyclodextrins, Langmuir—Blodgett films, dyes in polymer
matrices and dendrimers have been investigated. Sensitisation
processes in silver halide photographic materials and also the
spectral sensitisation of polycrystalline titanium dioxide films
in some cases show aspects of artificial antenna systems (for
references see ref. 1). The materials which have been reported
by us so far are of a bi-directional type. They are based on
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zeolite L as a host, and able to collect and transport excitation
energy.' The transport is enabled by specifically organised
dye molecules which mimic the natural function of chlorophyll.
The zeolite L crystals consist of a continuous one-dimensional
tube system. We have filled each tube with chains of joined but
electronically non-interacting dye molecules. Light shining on
the cylinder is first absorbed and the energy is then transported
by the dye molecules inside the tubes to a desired region.
The principle of two types of photonic antenna materials is
illustrated in Fig. 1. The rectangles represent sites for dye
molecules. Light gray rectangles are sites which contain donors
while the dark rectangles contain acceptors. Both donors and
acceptors are assumed to be strongly luminescent dyes. The dye
molecule in Fig. 1a) which has been excited by absorbing an
incident photon, transfers its electronic excitation to a neigh-
bouring dye molecule. After a series of energy migration steps
the electronic excitation reaches an acceptor. Energy migration
is in competition with spontaneous emission, radiationless
decay, and photochemically induced degradation. Very fast
energy migration is therefore crucial if an acceptor should be
reached before other processes take place. The energy quantum
can be guided to a reaction centre once it has been captured by
the acceptor. These conditions impose not only spectroscopic
but also decisive geometrical constraints on the system.
Recently we have been able to reverse the scheme in Fig. 1a)
having acceptor dyes in the centre, and the donors at both ends,
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Fig. 1 Representation of a cylindrical nanocrystal consisting of orga-
nised dye molecules acting as donors (light grey rectangles) and
acceptors (dark grey rectangles). a) The donors are in the middle part of
the crystal and the acceptors at the front and the back of each channel.
b) The donors are at the front and the back of each channel and the
acceptors are in the middle part. The enlargements show details of a
channel with a dye and its electronic transition moment (arrow) which
is parallel with respect to the channel axis for long molecules and bent
for shorter ones. The diameter of the channel windows is 0.71 nm and
the largest free diameter is 1.26 nm. The centre to centre distance
between two channels is 1.84 nm.

J. Mater. Chem., 2002, 12, 1-13 1

This journal is © The Royal Society of Chemistry 2002



b)

Fig.2 a) Side and top views of zeolite L crystals with a length of
950 nm and a diameter of 850 nm, respectively. b) A schematic view of
some channels in a hexagonal zeolite crystal with cylindrical mor-
phology. This is a pre-publication version of figures to be included in a
forthcoming work tentatively titled Advances in Photochemistry
Volume 27 edited by D.C. Neckers, to be published in 2002. Copyright
© 2001 John Wiley & Sons Inc. All rights reserved.

as illustrated in Fig. 1b). The material was investigated by
stationary energy migration experiments on an ensemble and
space and time resolved measurements on single crystals.®

The general synthesis concept of this inorganic-organic
composites is based on the specific geometrical constraints
imposed by the parallel arrangement of one-dimensional
channels of the host.*> Various synthesis strategies for the
preparation of chromophores in porous silica and minerals
have been reviewed recently.” Zeolite L crystals usually have
cylindrical morphology, as illustrated in Fig. 2, where we also
show a schematic view of their channel structure. The number
of parallel channels which coincide with the ¢-axis of the hexa-
gonal framework is equal to 1.07rcy12, where r.y; is the radius of
the crystal in nm. The length of a unit cell along the c-axis is
0.75 nm. This means that a crystal of e.g. 600 nm diameter and
300 nm length gives rise to about 100000 parallel channels, each
consisting of 400 unit cells (u.c.).¥!!

Control of the shape and size of the crystals is a necessary
prerequisite for particular applications. Large crystals of a few
hundred to a few thousand nm are very useful for studying the
optical and photophysical properties of dye—zeolite composites
on single crystals by means of optical microscopy methods.
Crystals in the range of a few tenths to a few hundred nm are
needed for high efficiency photonic antenna materials, useful as
fluorescent microprobes in cell biology and analytical chem-
istry,'? for developing a new generation of dye sensitised solid
state solar cells,'® or for preparing a new generation of light
emitting diodes. We have recently shown how fine tuning of the
size of zeolite L crystals in the size range of 30 nm up to
3000 nm can be realised by changing the composition of the
starting gel for otherwise constant reaction conditions. It was
thus possible to extend the investigations on energy migration
in Py*-loaded zeolite L crystals, modified with Ox™ as a
luminescent acceptor at the ends of the crystals; see Table 1 for
the structuresd of these molecules.'”

Some dye molecules which have been inserted into zeolite L
are given in Table 1 where we also give abbreviations used in
this article. It is important to distinguish between three types of
dye molecules. (i) Molecules small enough to fit into a single unit
cell. Some examples are biphenyl (BP), hydoxy-TEMPO,
fluorenone, and naphthalene. (i) Molecules the size of which
makes it hard to guess if they align along the c-axis or if they find
a way to fit into a single unit cell. Ox*, Py", and Th™ are
molecules of this type.'® (ili) Molecules which are so large that
they have no other choice but to align along the c-axis. Many
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examples fit into this category. POPOP, DMPOPOP, MBOXE,
pTP, and DPH are among these. It is important to know more
precisely which of the type (ii) and (iii) molecules can arrange in
a way so that they can interact via their n-systems and which
are only in physical contact, i.e. have negligible electronic
interaction.

2. Energy migration

The two cationic dyes Py, as a donor, and Ox™, as an
acceptor, were found to be very versatile to demonstrate
photonic antenna functionalities for light harvesting, transport,
and capturing, as illustrated in Fig. 3. They can be incorpo-
rated into zeolite L by means of ion exchange, where they are
present as monomers because of the restricted space. In this
form they have a high fluorescence quantum yield and
favourable spectral properties. The insertion of the dyes can
be visualised by means of fluorescence microscopy. The
fluorescence anisotropy of Ox*-loaded zeolite L has recently
been investigated in detail by conventional and by confocal
microscopy techniques.'®

The occupational probability p of the sites with a dye is equal
to the number of occupied sites divided by the number of sites
available. Using this notion the Forster type energy trans-
fer'®” and the energy migration rate constant k; from a
molecule i to a molecule j in this material can be expressed by:>
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where ®; and 1;[s '] are the fluorescence quantum yield and the
intrinsic fluorescence lifetime of the donor, N4 is the Avogadro
number, n is the refractive index of the medium, G; [A™9]
represents the geometrical constraints of the sites in the crystal
and the relative orientation of the electronic transition moments,
p:; and p; are the occupational probabilities of the sites with
excited donors i and acceptors j in the ground state, and Jj;
[em® M~ '] is the spectral overlap integral between the normal-
ised donor emission and the acceptor absorption spectrum.
We describe properties of Py *-loaded zeolite L of which the
channel ends are modified with Ox ™. Ox™ acts as an acceptor
which becomes excited via radiationless energy transfer from an
excited Pyt moiety. If radiationless relaxation is not con-
sidered, Ox™ can lose its excitation energy only by lumine-
scence, as it cannot transfer the energy back to Py ™ because of
its lower value. Fluorescence of excited Py*, internal conver-
sion, and intersystem crossing compete with the energy migra-
tion and energy transfer processes. The efficiency of energy
migration among the Py™ molecules along the crystal can be
investigated by measuring the front-back trapping efficiency
Trp . The front-back trapping efficiency is equal to the ratio
of fluorescence intensity emitted by the acceptor Ox™ (1)
divided by the total fluorescence intensity (/o + Ip).>'®
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Ip+1a

Two important parameters we can vary independently in order
to test the energy migration efficiency are the loading with
donor molecules Py™, which we express as p,y, and the length
ley1 of the crystals. The front-back trapping efficiency Tg - can
be tested by exciting the crystals at a wavelength where the
acceptor absorption is negligible. We expect that Tgp..
decreases with increasing crystal length I for otherwise
constant parameters, specifically constant p,,, because the
excitation energy has to migrate over an increasingly large
distance to reach an acceptor. This can be tested by using
materials with different average crystal lengths.

We show in Fig. 4 experimental results obtained with crystals
of the following average lengths: A, 300 nm; B, 500 nm; C,
850 nm; D, 1400 nm; and E, 2400 nm. These crystals were
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Table 1 Dye molecules and abbreviations
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loaded with Py" in such a way that the occupational
probability was always the same, namely p,,=0.11. They
were then modified with two Ox ™ molecules on average at both
ends of each channel. The fluorescence of a thin layer on quartz
was measured at room temperature after specific excitation of
Py™ at 460 nm. It shows a strong increase of the Ox ™ emission
with decreasing crystal length /.,;. The front-back trapping
efficiency increases from 0.33 up to 0.91. This means that in the
300 nm crystals, 91% of the emitted light is due to energy
migration among the Pyt molecules and finally transfer to the
luminescent acceptor Ox . Experiments with crystals in the
size range of 50 nm show a similar behaviour.

A small shift of the Py™ maximum, from 525 nm for the
smallest crystals to 530 nm for the largest ones, is observed.

This wavelength shift may be due to self-absorption and re-
emission because the absorption depth increases with increas-
ing crystal size despite the constant p,,. The maximum of the
Ox ™ emission remains at 605 nm.

The time evolution of the excitation distribution along the
cylinder axis of this material is of great interest.!">® We report
theoretical results obtained for a crystal consisting of 90 slabs,
each of which corresponds to the thickness of a site. The
photophysical data of Py as donor and Ox ™ as acceptor were
used to calculate the excitation distribution of the donors.
Immediately after excitation all slabs have the same excitation
probability. The excitation distribution is shown after 5, 10, 50
and 100 ps. We observe in Fig. 5a) that the slabs close to the
acceptor layers lose their excitation energy very quickly. The
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Fig. 3 Simplified view of a bi-directional photonic antenna. The middle
part shown in light grey contains donor molecules D. After excitation
of D to D* the excitation energy migrates with equal probability to the
left and to the right until it reaches an acceptor A (dark grey) which
captures the excitation energy and emits it as red-shifted light.
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Fig.4 a) EM npictures of the investigated zeolite L samples with
different mean crystal lengths /.,;: A, 300 nm; B, 500 nm; C, 850 nm; D,
1400 nm; E, 2400 nm (the bars in A-D correspond to 1 um, in E to
3 um). b) Fluorescence intensity (scaled to the same height at the
maximum of the Py™ emission) of Py*-loaded and Ox* modified
zeolite L crystals with constant Py ™ loading (pp, =0.11) as a function of
crystal length after specific excitation of only Py™ at 460 nm. The Ox "
modification was, on average, two molecules at both ends of each
channel.®

trapping rate is proportional to the gradient of the excitation
distribution at the position of the acceptors. Hence, it depends
not only on the remaining excitation probability but also on
the excitation distribution. This is in contrast to the donor
fluorescence rate, which depends only on the excitation dis-
tribution of the donors. The fluorescence rate of the acceptors
is proportional to their excitation probability. We therefore
expect a fluorescence decay behaviour as illustrated in Fig. 5b).
The fluorescence decay of the donors becomes much faster
in the presence of acceptors, because of the depopulation
due to the irreversible energy transfer to the acceptors. The
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Fig. 6 a) Principle of a bi-directional three-dye photonic antenna. The
enlarged section shows the organisation of individual dye molecules at
the domain boundary between dye2 and dye3. b) Fluorescence
microscopy images of an Ox',Py* POPOP-zeolite L crystal of
2000 nm length upon selective excitation of A POPOP at 330-
385nm, B Py at 470490 nm, and C Ox™ at 545-580 nm. The
excitation light was eliminated by appropriate cut-off filters in front of
the CCD-camera: A 410 nm, B 515 nm, C 605 nm.

fluorescence intensity stemming from the acceptors initially
increases because excited states must first be populated via
energy transfer from the donors. It therefore reaches a maxi-
mum before it decays.

A sophisticated bi-directional antenna material with three
dyes is illustrated in Fig. 6.* After selective excitation of dyel,
located in the middle part, the light energy is carried spectrally
from the blue to green (dye2) to red (dye3) and spatially from
the crystal centre to its left and right ends. The stacking of the
dyes in the crystal can be seen in microscopy images taken on
relatively large crystals (Fig. 6b)). We show this for a 2000 nm
crystal with POPOP in the middle, followed by Py* and then
by Ox ™. The different colour regions which can be observed in
this experiment are impressive. Image A shows the fluorescence
observed after selective excitation of the POPOP. The middle of
the crystal shows the blue fluorescence of POPOP while the red
emission of Ox' appears at both ends. Between these two
zones the superposition of the fluorescence of all three dyes
results in emission of white light. In image B the fluorescence is
shown after selective excitation of the Py*. The red emission,
hardly visible at both ends, and the green emission stem from
the Ox ™ and the Py ™, respectively. The yellow emission is due
to superposition of the green and red fluorescence. Image C
shows the emission of Ox™ after selective excitation of only
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Fig. 5 a) Excitation distribution along the channel axis of a zeolite L crystal consisting of 90 slabs (occupational probability p=0.3) under the
condition of equal excitation probability at =0 calculated for front-back trapping. Fluorescence of the donors is taken into account. A: t=5 ps, B:
t=10 ps, C: =50 ps, and D: 1= 100 ps after irradiation. b) Fluorescence decay of the donors in the absence of acceptors (dotted), in the presence of
acceptors at both ends (solid), and fluorescence decay of the acceptors (dashed).
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Ox™*. These three microscopy images show very nicely the
sequence of the inserted dyes in the channels, although the
limited resolution does not allow one to observe completely
separated regions. The microscopy pictures show how the
resolution of the microscope decreases with longer wavelength
of the observed light. Although the concentration of Ox™* in the
crystal is much lower than that of POPOP with the Ox™
molecules located only at the very ends of the channels, the
observed fluorescence in image C appears over a large area of
the crystal.

After this overview of photonic antenna properties we now
turn to some intriguing optical properties we have recently
observed in different dye-zeolite guest-host composites.

3. Optical properties

We describe observations made on dye-loaded zeolite L crystals
of dimensions which are at least equal to or a few times larger
than the wavelength of visible light. The refractive index of
zeolites is in the same range as that of quartz. It is expected to
vary to some extent depending on the cations, the water
content, and the dye loading. Thus optical effects observed in
tiny glass fibres are expected to appear in zeolite L crystals as
well. The luminescent dyes inserted into the channels cause
some new phenomena, also because of the pronounced
anisotropy of their light absorption and emission properties
and because the refractive index changes in regions of strong
absorption. The orientation of the electronic transition
moments of Ox ™ in zeolite L is 72° with respect to the c-axis
while that of POPOP, DMPOPOP and similar molecules is
parallel to this axis." '3

3.1 Fata morgana effects in dye-loaded zeolite L crystals

Optical effects due to refraction and total internal reflection
have been observed in dye-loaded zeolite L crystals of 2.5 um
length and 1.4 pm diameter by means of an optical microscope
equipped with polarisers, narrow band and cutoff filters. An
astonishing effect taking place in an Ox " -loaded crystal is seen
in Fig. 7. Looking at the polarised red emission, a homo-
geneous intensity distribution is observed over the whole
crystal, with the exception of two perpendicular dark lines
which separate the luminescence at both ends. The fluorescence
in the middle part of the crystal decreases, when turning the
polariser by 90°, but the two wings at both sides appear with
about the same intensity as before. Obviously the light
observed at both ends of the crystal is not polarised while
that observed in the middle part is strongly polarised. Ox™
molecules located at the outer surface of the crystals can be
quantitatively destroyed by treating the material with a
hypochlorite solution.>* Such a treatment does not alter the
optical properties of the material. The effect (dark lines and
wings) disappears, however, upon refractive index matching,
e.g. when applying an immersion oil. This means that the
optical phenomenon is not due to some molecules present at
the outer surface. We have to seek for another explanation.
The luminous non-polarised wings are due to part of the

Fig. 7 Polarised fluorescence microscopic pictures of a 2.5 um long
Ox*-loaded zeolite L crystal after excitation at 545-580 nm (cut-off
605 nm). The arrows indicate the transmission direction of the
polariser.
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Fig. 8 Refraction and pathway of the emission from the object O
hitting the zeolite L/air interface. a) Refraction of the emission from the
object O at the zeolite L/air interface observed at an angle o,. The
emission appears in the range between 0° and the critical angle for total
reflection o max Which is 42° (d is the distance between O and the
interface). b) Pathway of the emission of a molecule O.

emission built up in the middle of the crystal. They can be
understood when taking total internal reflection into account.
Refraction of the emission from the object O at the zeolite L/air
interface observed at an angle o, is explained in Fig. 8a). The
emission can appear between 0° and the critical angle for total
reflection oy ax, Which is 42° for a refractive index of 1.49. The
used objective of the microscope collects all light that is emitted
under an angle o, <64° and therefore the object appears at the
positions O’ in a circle with radius A/ around the object O.

An incident photon hitting the wall at an angle «; larger than
42° is totally reflected and can only leave the cylinder at its ends
(see Fig. 8b)). In the case shown on the right side of Fig. 8b), it
appears as luminous non-polarised wings. Hence, the emission
observed in an optical microscope appears not at the origin of
the molecule but outside of the crystal at both ends. This means
that “we see” the emitting molecules at another place in space
than they are, similarly to a mirage, which shows an image
which may be hundreds of kilometres away, but can appear to
be closer than it is. This phenomenon is called fata morgana.
We are not sure if we understand the second part of the
observation, namely the two dark regions which separate the
polarised emission of the bulk from the non-polarised wings,
but these may be due to interference phenomena.

Another nice fata morgana can be observed in DMPOPOP-
zeolite L microcrystals, the luminescence of which is strongly
polarised along the c-axis. Looking at standing crystals, a non-
polarised blue ring with a dark centre is observed, see Fig. 9a).
The dark part disappears immediately, the whole luminescent
spot shrinks, and the luminescence intensity decreases when
adding a drop of a solvent with the same refractive index as the
zeolite. This shows that the blue ring is caused by refraction at
the crystal/air interface.

Two kinds of refraction are responsible for the appearance of

a) b)

Fig. 9 Fluorescence microscopic pictures of a standing 2.5 pym long
DMPOPOP-loaded zeolite L crystal upon excitation at 330-385 nm
and observed with a cut-off filter (410 nm), a) in air and b) in a
refractive index matching solvent.
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Fig. 10 Refraction and pathway of the emission from the object O
hitting the zeolite L/air interface. a) Emission at O which hits the wall at
an angle between 17 and 42° can be detected by the microscope. Its
refraction makes it appear to originate from the region O', i.e. closer to
the wall. b) Emission at O which hits the wall at an angle greater than
42° is totally reflected and can travel around the crystal until it reaches
one of the two ends.

the luminescent ring with a dark spot in the middle. Emission at
O which hits the wall at an angle between 17 and 42°, as shown
in Fig. 10a), is refracted but can still be detected by the
microscope. It appears to originate further away from the
centre than it is in reality. As a consequence, the centre appears
darker. Total reflection, as shown in Fig. 10b), causes a photon
to travel on a helical pathway until it reaches the top or the
bottom of the cylinder. If the photon encounters another
excited molecule on its way, stimulated emission can occur. The
information from where the emission originates is nearly totally
lost. An angle of total reflection can only be realised by excited
molecules which are near the side walls. This again makes the
centre appear darker. The phenomenon seems to reveal the
characteristics of a very tiny ring resonator which, however,
perhaps resembles the ring resonator reported recently for
much larger crystals.!®

3.2 Polarisation of the fluorescence

Dye molecules of interest for energy transport in our system,
have an oblong form and a strong m—m*-transition with a
transition moment parallel to the molecules’ long axis. The
absorption and emission of light from these molecules is
therefore strongly polarised. In an ensemble of many molecules
this polarisation can only be observed when the molecules are
ordered. Their width allows them to penetrate the one-
dimensional channels of zeolite L. The geometrical constraints
lead to an anisotropic organisation of the dyes and result in a
net polarisation anisotropy.

How exactly the molecules are oriented inside the channels
depends on their specific shape and on the adsorption
interaction between the dyes and the channel walls or charge
compensating cations. Because of the dye’s oblongness a
double-cone like distribution in the channels is a reasonable

a) b)
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model. This distribution is illustrated in Fig. 11a). The arrows
represent the transition moments of the dyes and o describes
the half opening angle of the double cone. The hexagonal
structure of the zeolite L crystal hence allows six equivalent
positions of the transition moments on this double cone with
respect to the channel axis.

Fig. 11b) shows how the fluorescence polarisation of a single
zeolite L crystal can be analysed by means of a polariser, which
only transmits the indicated polarisation direction. In Fig. 11c)
the theoretical relative intensity of the observed fluorescence is
plotted versus the angle ¢ between the observed polarisation
and the crystal c-axis for different values of «. If « is equal to 0°,
the molecules’ transition moment coincides with the crystal
c-axis and maximum fluorescence can be observed at ¢ equal to
0 or 180°. Such a crystal emits most of its fluorescence parallel
to the crystal axis and remains dark if the polariser is set
perpendicular to it. If « is equal to 90°, then the maximum
fluorescence is observed perpendicular to the c-axis and the
crystal emits no light parallel to it. For all o values between 0
and 90° there is a gradual change in behaviour leads from one
extreme to the other. The differences between the maximum
and minimum fluorescence intensity is reduced and at a magic
angle of 54.7° no fluorescence anisotropy can be observed
although the transition moments are not randomly oriented in
the crystal.

In the case of Ox ™ in zeolite L a half cone angle o of 72° was
obtained from quantitative measurements on single crystals.'
The orientation of the transition moments with respect to the
zeolite channels can be determined directly from the fluores-
cence polarisation whereas the orientation of the transition
moments with respect to the molecular axis can not be
determined from these experiments. Strong electric fields can
change the orientation of the dipole moments; i.e. the Stark
effect.?® Geometrical estimates of the maximum angle of the
double cone in the case of Ox™ led to the conclusion that the
angle o for the molecules can not be larger than 40°. The
observation of «=72° for the transition moments was
interpreted by the existence of a remarkable Stark effect in
these materials.'> The arguments do not apply for molecules
aligned along the channel axis.

In Fig. 12 fluorescence microscopy images of different dye-
loaded zeolite L single crystals are shown. Each line consists of
three images of the same sample, but with different polarisation
of the fluorescence observed. In the first one the total
fluorescence of the crystals is shown and in the others the
fluorescence with the polarisation direction indicated by the
arrows is displayed. The zeolite was loaded with the following
dyes: A Py*, B PyGY*, C PyB*, D POPOP (see Table 1).
Most crystals show a typical sandwich structure with
fluorescent dyes at the crystal ends and a dark zone in the
middle. This situation can be observed when the diffusion of
the dyes in the channels has not yet reached its equilibrium
situation. It illustrates nicely how the molecules penetrate the
crystals via the two openings on each side of the one-
dimensional channels.

polariser

I, ) (arbitrary units)
o
w

T T
90 180
Angle of observation £/°

o

Fig. 11 a) Distribution of the transition moments on a double cone with a half opening angle «. b) Polarisation direction observed when a single
crystal is examined by means of a polariser. c) Relative intensity of the observed fluorescence as a function of the observation angle ¢ with respect to

the crystal c-axis, for different half cone angles o.
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Fig. 12 Fluorescence microscopy images of dye-loaded zeolite L single
crystals, without polariser (first column) and with polariser (second and
third column: the direction of the transmitted polarisation is indicated
by the arrows). Samples: A Py*—zeolite L, B PyGY "—zeolite L, C
PyB " —zeolite L, D POPOP-zeolite L.

Py" is a molecule with similar dimensions as Ox™ and
therefore the behaviour of the fluorescence polarisation is the
same as already described for the Ox*—zeolite L sample:
maximum fluorescence perpendicular to the crystal axis;
minimum fluorescence parallel to it. PyGY ™ is slightly larger
than Py", because of the methyl groups. The observed
fluorescence polarisation in this sample changes significantly
compared to Py*. The maximum fluorescence intensity is now
measured parallel to the c-axis and the difference between
maximum and minimum intensity is rather small. According to
Fig. 11¢) this is an indication that the transition moments have
changed to an angle o below 55°. In the case of PyB* (with four
ethyl groups) the intensity difference between the minimum and
maximum intensity is even more pronounced indicating an
angle o near 0°. In the final images of this series the fluorescence

a) b)
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of POPOP-zeolite L crystals is analysed. POPOP has an
estimated molecular length of 19 A and therefore occupies
approximately 3 u.c. The fluorescence polarisation in the
images D shows very nicely that the transition moments of the
POPOP molecules are arranged parallel to the c-axis, which
means o is equal to 0°.

4. Further developments

In natural photosynthesis, complex arrays of antennae collect
the solar energy and convert it into chemical potential energy
that drives the chemistry of the photosynthetic machinery. The
processes involved are very fast and highly efficient.?!>*

The dye-zeolite composites reported so far show fascinating
photonic antennae properties which are perhaps comparable
to some extent to those of natural systems. Tuning their
chemical and photochemical behaviour, organising informa-
tion exchange between their inside and the external world, but
also organising individual crystals on a surface in order to
realise e.g. mono-directional functionalities remains a challenge
which we address in this section.

4.1 Closure and stopcock molecules

The synthesis principle we are using is based on the fact that
molecules can diffuse into individual channels.**?* This means
that under appropriate conditions, they can also leave the
zeolite in the same manner. In some cases, however, it is
desirable to block their way out, so as to stabilise the structure.
This can be done by adding a ’closure’ molecule after the
synthesis has been completed. A variety of closure molecules
which seal the channels completely or only partially can be
used, depending on the requirement. An example already used
is the addition of fluorenone which enters readily but leaves the
structure reluctantly. If more complete sealing is needed
molecules bearing appropriate reactive groups can be used.
Functionalisation of the closure molecules is an option for
tuning wettability, refractive index, chemical reactivity, and
other properties.

External trapping and injection of quanta is more demand-
ing. The general approach we are using to solve this problem is
to add “stopcock” molecules as illustrated in Fig. 13.! A
stopcock molecule generally consists of three components: a
head, a spacer and a label. The tail moiety (spacer + label) has a
longitudinal extension of more than one u.c. along the c-axis.
The head moiety has a lateral extension that is larger than the
channel width and prevents the head from penetrating into the

c)
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F-o~F "CH,C "NCH,CH,NH;
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T
| N
OCH,C NH(CH,), 0~
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Fig. 13 a) Typical shape of a stopcock molecule located at the end of a zeolite channel. b) Fluorescent molecules which have already been inserted in
zeolite L are modified with an inert head in order to build stopcock molecules with fluorescent tails. c) Examples of molecules which can be used as

stopcocks with a fluorescent head.
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Fig. 14 Schematic representation of several head moieties: ag fluorescent chemosensor,”® b) Cg(-based heads,”’ c) li%ands containing suitable binding

sites in a correct arrangement for metal ion complexation,

channel. The channels are therefore terminated in a generally
plug like manner.

The main function of the stopcocks is to connect the antenna
function of the crystal to its surroundings. They act as bridges
between the dye molecules inside the channels and the outside
world by either trapping excitation energy coming from the
inside, or injecting excitation energy into the dye-loaded zeolite
crystal. Stopcock-traps therefore have a sufficiently large
spectral overlap integral with donor molecules inside the
channels, while stopcock-donors have a large spectral overlap
integral with acceptor molecules inside the channels.

Strongly fluorescent molecules are suitable for these energy
transport functions. Since fluorescence is usually quenched by
dimerisation>>?® the design must be such that the chromo-
phores do not electronically interact with each other. Both
heads and labels can be fluorescent, depending on the needs.
Fluorescent labels have the advantage of being protected by the
zeolite framework. They are stabilised chemically and cannot
form quenching dimers due to lack of space. Fluorescent heads
on the other hand are closer to the external surface which is
desirable for coupling the antenna to a device.

The labels are based on organic and silicon—organic back-
bones. The simplest form of a label is non-reactive. Its only
function is to enter and to hook to the channel. Non-reactive
labels can be either neutral or cationic. Reactive labels enter the
zeolite channels and then undergo a chemical reaction under
the influence of irradiation, heat or a sufficiently small reactant.
In this way they hook themselves inside the zeolite channels or
maybe bind to molecules already present.

The heads of the stopcock molecules are too large to be able
to enter the channels. Typical functionalised groups such as
bucky balls,?” chelating centres®® and others can be used. Some
examples are given in Fig. 14. Smilarly to the labels, heads can
be reactive or non-reactive. Reactive heads may have “arms”
which can interact with each other to form a “monolayer
polymer” or bind to the zeolite external surface.

In some cases it is desirable to add a spacer which elongates
the stopcock molecule so that the length of the tail can be
controlled. This can be a tool to improve the solubility of the

a)

j

8 d) head moieties functionalised with reactive sites.’

whole molecule. Polar groups might help to bind the molecules
more strongly inside the zeolite channels. Spacers which are
sufficiently flexible so that they can bend the tail into the zeolite
channels include e.g. aliphatic chains, polyethers or amides.

Positively charged stopcocks can be plugged in the zeolite
channels by ion exchange while neutral stopcocks can be added
by dehydration of the zeolite channels and adsorption from a
non-aqueous solution or from the gas phase. The zeolite’s
external surface consists of a cylinder coat and two edges.
These two surfaces differ in a number of properties so that the
interactions can be tuned. For MFI type zeolites, as an
example, it was reported that guest molecules bind to the holes
on the external surface much more strongly than on the
framework between the holes.”

The specific coupling of the photonic antenna via the
stopcocks to a target depends on the functionality envisaged.
Direct linkage to a semiconductor surface, embedding into a
semiconducting polymer, organisation of crystals bearing ionic
stopcocks by means of charged polymers,*>! or linkage to sites
of biological interest are possibilities.

4.2 Mono-directional antenna materials

In mono-directional antenna systems the energy is transported
in one direction only. We discuss the possibilities sketched in
Fig. 15 to create asymmetrical antenna materials. Either the
insertion of the dyes into the zeolite channels is controlled such
that the molecules can penetrate the channels only from one
side, or crystals containing different dyes are organised
appropriately.

Asymmetric loading of zeolite L crystals is possible if the
channel openings are selectively closed on one side so that the
dyes can be inserted from the other side in sequence by the same
procedure as used for the preparation of the bi-directional
antenna materials.* Organising the crystals on a substrate,
maybe by linking them covalently,? in order to inhibit the
penetration of dye molecules from the substrate side, is a way
to realise this. Microstructured substrates have been used to
organise relatively large zeolite ZSM-5 crystals in a plane.*
Other forces which have been used for this purpose are

Fig. 15 Schematic view of three strategies for the preparation of mono-directional antenna materials. a) Organisation of zeolite L crystals on a
substrate. The channels are oriented perpendicular to the surface. Dye molecules can only be inserted from one side. b) Multilayer organisation of
charged polymers and zeolite L crystals loaded with different dyes. ¢c) Multilayer organisation of oppositely charged zeolite L crystals.
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adhesion and electric fields.*® The morphology and the size of
the crystals are important in all cases. ZSM-5 nanoscale seed
crystals have been organised with their largest area surface on
positively charged polymers on a gold surface. Calcination and
growth of the silicalite then led to a densely packed and
oriented polycrystalline layer.>® Zeolite L crystals can be
organised by modifying them with charged stopcock molecules.
This leads to an anisotropic distribution of the zeolite surface
charges and gives rise to attractive electrostatic interactions
with an oppositely charged substrate. The crystal growth of
AIPO-5 in the presence of floating anodised alumina can be
controlled to obtain vertically aligned hexagonal crystals.*’

To further suppress the insertion of dyes into the channels
from the substrate-side, the channels can be sealed on one
side by adsorption of a polymer onto the substrate.*®
Alternatively, stopcocks can be functionalised specifically
with electro-reactive constituents like ethynylic-,* vinylic-*°
or pyrrolic-groups.*'**? The substrate serves as electrode under
the influence of an electrochemical potential and only the
adjacent heads of the stopcocks react to form a covalently cross
linked structure. The stopcocks are then removed from the
other side of the crystals to unblock the channels for the dye
insertion.

The formation of mono-directional antenna materials by
organising different dye loaded crystals is illustrated in Fig. 15b)
and c). Assembly of layered organic-inorganic composites is
currently a major research area.**** An increasing number of
articles concerning the assembly of zeolite crystals on
substrates via ionic or covalent bonding, some by the use of
appropriate organic additives, have been published.*** This
knowledge can be used for alternate adsorption of charged
polymers and zeolite L crystals modified with stopcocks
bearing a charged head as illustrated in Fig. 15b). Polymeric
materials ranging from biopolymers such as proteins’®>! to
inorganic macromolecules and clays®>>® have been assembled
by means of related techniques. Luminescent polymers can be
used as connectors to transport the energy from one crystal to
another one.>* A simpler concept consists of arranging
differently charged crystals in the manner shown in Fig. 15c¢).

5. Applications

The tunability in size and properties of the materials described
in the previous sections is so large that we expect them to find
applications in different fields such as optoelectronics,
pigments, molecular probes but also as educational tools. We
focus on five applications amongst these. Some of them are
already feasible, while others require further development.

5.1 Educational tools

There are not many demonstration experiments which show
the process of energy transfer and energy migration well. We
found that the energy transfer between dye molecules inside the
channels of zeolite L works so well that it can be used as a nice
educational tool to show both energy transfer and energy
migration. The reason for this is that the dye molecules can be
brought close together without forming dimers. We can vary
the mean distance between the molecules by varying the
occupational probability of the dyes which is directly propor-
tional to the concentration of the dyes in the zeolite channels.
The volume of a zeolite crystal is given by:

V=12 ey ()

where r.y; is the radius of the zeolite crystal and /., is the length
of the zeolite crystal. The number of unit cells of one crystal, 7,
is given by:

2n . 5, 2
Nyc = ﬁlcylrcyl |c||a\2 )

where ¢ and a are the primitive vectors of the zeolite L
framework. Now the number of channels in a zeolite crystal
can be written as:

(©)

If ng is the number of unit cells that forms a site and pqy. is the
occupational probability of dyes, then the number of dyes in
the zeolite crystal is:

_ lcylnch (6)

Now we can calculate a mean volume element that a dye
occupies in the zeolite crystal and if we consider this volume
element as a cube we can calculate the length of the cube. If we
use a 1:1 mixture of donor D and acceptor A, this length is
approximately the mean distance between D and A:

Py~ (G Vlell )
ye

Ddye

Rpa=~(

ng

This equation shows that the mean distance between two
molecules is only dependent on some geometrical factors and of
the occupational probability of the dyes. The occupational
probability can be regarded as a tool to vary the mean distance
between dye molecules.

We concentrated on the two cationic dyes Py and Ox™
which can be incorporated into zeolite L from aqueous solution
with about equal rates. Both dyes have a large fluorescence
quantum efficiency and therefore radiationless relaxation is not
considered. If a 1 : 1 mixture of the two dyes is used we can look
at the mechanism of energy transfer from Pyt (donor D) to
Ox™ (acceptor A). We can also modify Py -loaded zeolite L
crystals with one molecule of Ox™ on average at all channel
endings. By varying the occupational probability of Py™,
energy migration to the crystal endings can be tuned from poor
to efficient.

The energy transfer in these materials can easily be observed
when a series of samples is put in a black box as shown in
Fig. 16. The samples were excited using a Mini Mag-Lite™ AA
flashlight and a Schott DAD 8§8-1 interference filter at
486.7+5 nm. The light beam has to be perpendicular to the
interference filter and to the sample. The emission light is
observed through a Schott OG 515 cut-off filter. The sample
and the cut-off filter are not perpendicular to the observation
angle so as to minimise reflection effects.

The transmission spectra of the two filters and the

Fig. 16 Black box for observation of energy transfer and energy
migration demonstration experiments. 1: Mag-Lite® AA flashlight, 2:
Schott DAD 8-1 interference filter at 486.7 + 5 nm, 3: sample, 4: Schott
OG 515 cut-off filter.
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Fig. 17 Absorption (solid) and emission spectra (dotted) of Py™ and
Ox " in zeolite L. The dashed lines show the transmission of the Schott
DAD 8-1 interference filter and the Schott OG 515 cut-off filter.

Fig. 18 Photographic image of the fluorescence of dye-loaded zeolite L
layers upon monochromatic irradiation at 485+ 5 nm and observation
through a 500 nm cut-off filter. 1 and 7 are references loaded with Py ™"
and Ox™ only (occupational probability 1.4 x 1072). 2-6 containa 1: 1
mixture of Pyt and Ox™ with the following occupational probabilities
for each dye: 2, 6.8x 1074 3,3.4x 1073 4,6.8x 10735, 1.4x 1072 6,
2.8 x 1072, This is a pre-publication version of a figure to be included in
a forthcoming work tentatively titled Advances in Photochemistry
Volume 27 edited by D. C. Neckers, to be published in 2002. Copyright
© 2001 John Wiley & Sons Inc. All rights reserved.

absorption and the emission spectra of Pyt and Ox™ are
plotted in Fig. 17.

With a 1:1 mixture of the two dyes we can observe the
energy transfer from the Py ™ donors to the Ox ™ acceptors very
clearly. The seven luminescent samples shown in Fig. 18 consist
of zeolite L crystals of 300 nm average length containing
different amounts of Pyt and Ox™. In all cases Pyt was
specifically excited at 486.7+5 nm.

Reference samples 1 and 7 contain only Py*t or Ox™,
respectively. The other samples are 1:1 mixtures of the two
dyes with increasing occupational probability. We can cal-
culate the following mean donor—acceptor distances: 2, 187 A;
3,109 A; 4,87 A: 5,69 A; 6, 55 A. The Férster radius for Pyt
to Ox ™ energy transfer in a medium of refractive index of 1.4 is
about 70 A, based on the Py*/Ox™ spectral overlap which is
1.5x 107 em® M ™", In sample 2 we observe mainly the green
luminescence of Py™, which means that the dyes are too far
apart for Forster type energy transfer. The yellow colour of 3 is
due to a mixture of green and red luminescence which means
that energy transfer is significant. The energy transfer becomes
more and more dominant, and by sample 6, the red lumi-
nescence of the Ox™ is dominant.

One would expect that the colour of the samples 2-6 in
diffuse reflection mode to be the same since there is a 1:1
mixture of the two dyes in all cases. This, however, is not
observed because of the high concentration of dye molecules
inside the zeolite. If the concentration of dye molecules inside
the zeolite channels is high enough, a saturation effect is
observed, ie. light of specific wavelengths is totally absorbed
and this changes the absorption spectrum as is shown in
Fig. 19. Therefore the visual colour of the different samples
observed (as diffuse reflection) changes from yellow to red with
increasing loading.
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Fig. 19 Calculated saturation effect for a 1 : I mixture of Py and Ox .
This effect changes the visual colour of the material.

A similar experiment can be performed to show energy
migration. One can modify Py*-loaded zeolite L crystals with,
on average, one Ox ™ molecule at both ends of each channel.
By varying the occupational probability of Py*, and thus the
mean distance between the Pyt molecules, the energy migra-
tion efficiency can be varied. If energy migration is efficient, the
electronic excitation energy will be trapped at the crystal endings
by the Ox™ molecules and the red emission of Ox* molecules
will be visible. If, however, the energy migration is not very
efficient, the green emission of the Py™ molecules will dominate.

5.2 Pigments

A promising field with potential for industrial application is the
use of dye-loaded zeolites as pigments.>® The encapsulation of
dyes in zeolite L leads in general to a substantially increased
stability of the organic molecules. The matrix protects them
from oxidative agents and other reactive species and the spatial
constraints can eliminate photoisomerisation reactions. Addi-
tionally the processing properties of such pigments only depend
on the zeolite surface, which can be tuned to a large extent, and
not on the specific dye characteristics.

The use of highly fluorescent dyes leads to much brighter
colours. In particular, the xanthene dyes (Ox™, Py™, PyGY ™,
PyB™) act as optical brighteners because the fluorescence in the
visible region can be initiated by absorption in the UV-region
of the spectrum. By the use of only two different dyes a large
palette of different colours can already be generated (see
Fig. 18). New interesting colour effects can be controlled via
the energy transfer, saturation, and re-absorption phenomena
in these materials. Applying the closure and stopcock
molecules discussed in section 4.1 allows fine tuning of the
specific properties of the pigments.

5.3 Colour-changing medium

A LED-display consists of a matrix of contacts made to the
bottom and top surfaces of each light emitting element, or
pixel. To generate a full-colour image, it is necessary to vary the
relative intensities of three closely spaced, independently
addressable pixels, each emitting one of the primary colours
of red, yellow or blue. Several techniques have been proposed
for producing the three colours in each pixel. One method is
the use of a single blue or ultraviolet LED to pump organic
fluorescent wavelength converters, also known as colour-
changing media (CCM), as illustrated in Fig. 20.%°

Colour-changing medium
Indium tin oxide

Blue LED

Cathode

Fig. 20 Scheme of a pixel for generating full colour. The green and red
colours are generated by transforming the emitted blue or UV-light
from the LEDs with the help of colour-changing media.



The dye-zeolite L antenna systems have ideal properties to
act as colour-changing media in such an application. Due to the
high concentration of dye monomers in the zeolite matrix,
almost all incoming light can be absorbed within the dimen-
sions of one monolayer of such crystals.> Through the high
energy transfer efficiency reported in Fig. 4, up to 90% of the
absorbed light can then be converted into light of a longer
wavelength. The anisotropic arrangement of the dye molecules
leads to spatially well defined emission of partially polarised
light. The scattering of light at the crystal surface can be
minimised by the use of nanocrystals or can be eliminated by
embedding the material into a medium with the same refractive
index.

5.4 Nanoscaled lasers

As we reported in section 3.1, refraction and total internal
reflection can occur in dye-loaded zeolite L microcrystals.
Therefore a bundle of light rays in e.g. a POPOP-loaded
zeolite-composite can circulate inside the hexagon. If the
emission can circulate often enough in the same volume and the
loss of the zeolite L ring cavity is small enough, lasing should be
possible.

Laser activity was indeed recently reported in pyridine-2-
loaded nanoporous AIPO-5 molecular sieve.'® Like zeolite L,
this compound consists of hexagonally arranged one-dimen-
sional channels along the crystal long axis which can act as a
matrix to arrange geometrically suitable dyes along the c-axis
in a supramolecular manner. The thickness of the used AIPO-5
crystals ranged from 4.5 pm to 22 pm and the corresponding
length from more than ten to a hundred pm. The authors
assumed that the resonator is built up by total internal
reflection leading to a ring cavity. However, using a resonator
with a size of the wavelength or less, classical optics arguments
might not be sufficient.

To overcome the lasing threshold, the light amplification has
to be larger than unity. For this reason the loss from the cavity
has to be small. While the length of one round-trip in the
largest crystals we are using is 3 pm, it is about 13.5 um for the
smallest described AIPO-5 laser cavity. The consequences of
this are not well understood yet.

To obtain the spectrum of modes in a first approximation
one could fit an integral number of wavelengths into the beam
pathway to get constructive interference after a round-trip.
Using the same arguments as in ref. 19, the wavelength interval
A/ can be calculated between two constructive modes of a
POPOP-loaded zeolite L laser with a diameter of ~1 pm giving
a round-trip length of L=~3 pm at an emission wavelength of
440 nm. From the relation below:

AL=72 8

=1 @®)

a value AA= 43nm is obtained, allowing only single line

emission for dyes with a narrow emission band. This has

already been reported for an AIPO-5 pyridine-2-loaded sample

with a diameter of =~4.5 pym and a free spectral range for the
sample of ~24 nm.

In contrast to the AIPO-5 system we are able to fine tune the
dye concentration in a broad range. Furthermore the mor-
phology of the material does not change with different dye
loadings, because the dyes are inserted into the previously
synthesised zeolite L. For neutral molecules it is possible to
vary the loading from p ~0.001 molecules per site up to a nearly
filled zeolite L with a loading of p=~1, while for ionic dyes a
maximal loading of p~0.4 molecules per site has been realised
up to now. Therefore a very high optical density of monomeric
aligned dye molecules can be reached, shortening the minimum
optical pathway for laser action.

Depending on the size of an incorporated dye, the angle of
the transition dipole moment to the c-axis lies between 0° for

long molecules and 72° for smaller ones. Therefore if a small
molecule is inserted into the channels of zeolite L, part of the
emission will be parallel to the c-axis. Due to the flat and
parallel ends of appropriately prepared zeolite crystals one can
envisage to arrange crystals between two mirrors or to add a
reflecting layer on individual crystals. This might lead to a
microlaser with a plane parallel resonator. Apart from
experimental difficulties the realisation of a dye-loaded zeolite
L nanolaser appears to be feasible.

5.5 Dye sensitised solar cells and LEDs

The currently available solar cells are an attractive source of
renewable energy. They are, however, still expensive for large
scale applications. During the last decades some effort has been
made to find a cheap and efficient alternative for crystalline
silicon p/n junctions. Remarkable work has been done on
developing p/n junctions with organic semiconductor materi-
als.’”* More groups, however, have focussed on dye sensi-
tisation of metal oxide semiconductors.%*%* In this type of dye
sensitised solar cells, the dyes have the function of absorbing
light and subsequently injecting an electron in the metal oxide
semiconductor. After electron injection, the dyes have to be
regenerated, usually by means a redox couple. A different kind
of dye sensitised solar cell was proposed by Dexter® in 1979.
He described sensitisation of the semiconductor by energy
transfer instead of electron injection, followed by the produc-
tion of an electron-hole pair in the semiconductor (Scheme 1).
Although Dexter published this idea in 1979, only a few groups
so far have tried to observe energy transfer from a dye to a
semiconductor.®> ¢’

The dyes do not have to be regenerated in this case because
they do not exchange electrons. Energy transfer to the semi-
conductor works well, if the distance between the donor and
the semiconductor is in the order of the critical distance for
Forster energy transfer. Only a very thin semiconductor layer is
needed, because the electron—hole pairs form near the surface.
The flexibility in tuning the energy of the donors is large and
only limited by the energy gap of the semiconductor which
must be equal to or smaller than the excitation energy of the
donor. Electron transfer is prevented by introducing a
insulating layer.

The antenna effect, as it is found in natural photosynthetic
systems, is an attractive tool to increase light absorption of
solar cells. Some of the work done on dye sensitisation of
polycrystalline titanium dioxide shows aspects of antenna
behaviour.®%>%®72 Most of the problems in the systems where
an electron is injected into the semiconductor arise in the
regeneration process of the dyes. If the principle of energy
transfer is used instead of electron injection this regeneration
process can be avoided. The photonic antenna material
developed in our group is based upon energy migration and
energy transfer and it is challenging to combine its properties
with the ideas of Dexter to form an antenna-sensitised solar
cell. It appears to be feasible to put small crystals with a
relatively large diameter with their c-axis perpendicular to the
surface of a semiconductor (see Fig. 21). In this case, of course,
a one directional antenna as described in section 4.2 is needed.
The excitation energy is transported to the edge of the crystal
by energy migration. At the edge of the crystal energy transfer

Two Ideas on Energy Transfer Phenomena:
... and Sensitization of Photovoltaic Cells

“... Energy transfer can also produce e-h pairs in a semiconductor,
although this effect seems not to have been considered heretofore. ..."

Scheme 1 Citation of D. L. Dexter, J. Lumin., 1979, 18/19, 779.64

J. Mater. Chem., 2002, 12, 1-13 11



ity Antenna

Semiconductor

Excitation

£ -

=
o
=1 —— Donor
o

=

[} Acceptor
d

' Semiconductor

Fig. 21 Sensitised solar cell based on dye-loaded zeolite L antenna systems. The antenna systems absorb light and transport their energy mainly
along the c-axis of the crystals to the semiconductor surface. Electron—hole pairs are formed in the semiconductor by energy transfer from the

antenna system to the conduction band of the semiconductor.
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Fig. 22 Tandem solar cell where mono-directional antenna systems
with blue, yellow and red dyes are placed between two n-type
semiconductors with different band gaps.

takes place from a stopcock molecule to the semiconductor
over a certain distance. Tandem solar cells are more advanced
high efficiency systems.”” In this concept, one-directional
antenna materials are placed between two n-type semiconduc-
tors with different band gaps, as shown in Fig. 22. Both n-type
semiconductors generate electrons, but the band gap of the first
is tuned to the red dye while the band gap of the second is tuned
to the blue.

The system discussed so far can be reversed. If we reverse the
current and put a voltage over the semiconductor, it is possible
to transfer energy from the semiconductor to the acceptor-
antenna, as shown in Fig. 23. This results in light emitting
nanocrystals. The colour of the emitted light can be tuned by
adapting the ratio of the blue, yellow and red emitting dyes.
Conventional LEDs are excited electrically. In this case the
excitons are statistically distributed over singlet and triplet
states. According to literature, a quarter of the formed excitons
are singlet excitons which are responsible for the electro-
luminescence, while three quarters are triplet excitons which
mainly decay non-radiatively.”* In the case of direct energy
transfer from a semiconductor to dye-loaded nanocrystals,

)

<] U

L7

Fig. 23 Light emitting nanocrystals. The electrical source supplies
excitation energy that can be transferred from the semiconductor to the
nanocrystals. The dyes inside the crystals lose their energy by
fluorescence because of their high fluorescence quantum yield.
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mostly the excited singlet states are filled, leading to higher
luminescence efficiency.

6. Conclusions

We have shown that the basic concept of filling hexagonal
crystals, which consist of one-dimensional channels with
molecular diameter and tuneable length, with luminescent
dyes leads to new inorganic—-organic host-guest materials with
fascinating properties and challenging options for chemical
modifications. From this result applications in different fields
of great practical interest may result. The concepts described
are not limited to zeolite L as a host. A nice feature of this
zeolite is, however, that neutral as well as cationic dyes can be
inserted. For many dyes insufficient space is available for
electronic overlap, so that they retain the properties of the
monomers. Additionally, the entrance of the channels is
chemically sufficiently different with respect to the surface,
so that fine tuning of stopcock molecules is feasible. Only a few
experiments have been conducted with the 30~100 nm material
so far. This will soon change, however, because it offers
challenging opportunities for sensor applications, as molecular
probes, or for incorporation into photoconductive polymers.
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